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A cyclic bending experiment is designed to investigate the interface fracture behaviour of a
hard chromium coating on a ductile substrate with periodic surface hardened regions. The
unique deﬂection pattern of the vertical cracks after they run through the coating and
impinge at the interface is revealed experimentally. A simple double-layer elastic beam
model is adopted to investigate the interfacial shear stresses analytically. A FE model is
employed to compute the stresses of the tri-phase structure under a single round of bend-
ing, and to investigate the effect of the loading conditions on the deﬂection pattern of the
vertical cracks at the interface.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
The interface fracture shall arise between a hard coating and a ductile substrate under the action of the cyclic contacting
and bending etc., which is largely due to the mismatch in stiffness of the coating and substrate (Hutchinson and Suo, 1992;
Chai, 2003; Wu et al., 2006b). A great many of mosaic structures have been devised to release the mismatch, such as mul-
tilayer/grade coating (Bell et al., 1998; Matthews et al., 2001; Schwarzer, 2000; Chai and Ravichandran, 2007), and a hard-
ened surface layer on the origin substrate by nitriding, carburizing or surface quenching, etc. (Fu et al., 2000; Podgornik and
Vizintin, 2001).
Surface quenching has been adopted broadly to produce a hardened layer on the origin substrate (Bell et al., 1998). How-
ever, such a continuous hardened layer is indeed a secondary hard coating on the original substrate (Zhang et al., 2006),
thereby introducing another interface between the hardened layer and the original substrate. Actually, the continuous sur-
face hardened layer always faces the danger of buckling and spalling due to the relatively high compressive stress.
To overcome the above inadequacy, a novel complex coating has been devised by laser discrete quenching the steel sub-
strate prior to plating the chromium coating as shown in Fig. 1(a) (Zhang et al., 2006; Wu et al., 2006a), in which the hard-
ened regions are periodically obtained within the surface layer of the substrate. Therein, the chromium coating is
approximately 250 lm, and the hardened region is repeated approximately every 5 mm. The HV numbers along a horizontal
path through one period are plotted in Fig. 1(b) for three loci of different distances from the interface (dﬁ), which shows
roughly the periodic ﬂuctuation of the properties of the substrate. In fact, it is generally reported that such hardness incre-
ment in the as-quenched regions mainly due to the relatively high yielding stresses and residual compressive stresses there-
in (Li and Xiao, 1990; Qu and Wang, 1990). In particular, experiments show that the hardness number H is directly
proportional to the material’s yield stress Y, and can be expressed as H = CY. Herein C is called ‘‘constraint factor”, and. All rights reserved.
u).
Fig. 1. (a) The proﬁle of the specimen (Fu et al., 2000) and (b) HV number of the surface layer of the substrate as-quenched by CO2 laser.
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Anthony, 2002). Moreover, there are always residual tensile stresses in the intermediate regions between two adjacent as-
quenched regions for a process of laser quenching without melting (Grevey et al., 1988; Rhima et al., 2003).
On such complex coatings, a series of investigations have been reported. Wu et al. (2006a) and Hu et al. (2005) reported
that the thermal loading would introduce periodic segmentation cracks in the coating. These segmentation cracks are further
reported byWu et al. (2006b) andWu et al. (2008) to be effective on decreasing the stress concentration around the interface
corner when the spacing drop into certain range. Later on, Wu et al. (2007) revealed experimentally that the controllable
cracking of the coating can also be developed when the specimen is subjected to in-plane tension, which is considered to
be largely due to the unique pattern of the yielding stresses and residual stresses in the structure. Thereafter, Yang et al.
(2007) investigated analytically the effect of the yielding stresses and residual stresses on the extension of the vertical crack
into the as-quenched substrate by a meso-scale mechanical model, of which the prediction has been partly veriﬁed exper-
imentally by this work.
In the present work, a cyclic bending experimental is design to investigate the fracture behaviour of this complex coating,
with special attention being paid to the interface fracture. A simple analytic model and a FE model are utilised to describe the
interfacial stresses and the deﬂections of the vertical cracks after they impinge at the interface.
2. Experiment and results
2.1. Description on the experiment
The specimens are produced under the procedure described as following. Firstly, the substrate, steel 30CrNi2MoVA is
nonoverlapping quenched (the spacing between the centers of two adjacent tracks, i.e. the period is Wp  5 mm) with
CO2 laser of power P  450 W, beam diameter D  3–4 mm and scanning velocity v  22.4–28.2 mm/s. Then, a chromium
coating of thickness 100 lm is plated on the substrate. Finally, specimens of required dimension are sliced and the cross sec-
tions are burnished for future observing and photographing. The cross section proﬁle of the specimen is shown in Fig. 1(a)
(Wu et al., 2006a). The HV numbers of the substrate close to the interface are plotted along a period as shown in Fig. 1(b), in
which the gradient of the hardness is apparent.
A photo of the experimental apparatus and a sketch of the specimen are shown in Fig. 2(a) and (b), respectively. The total
length of the specimen is about 50 mm. In Fig. 2(b), R = 6 mm representing the radii of the loading cylinder (above the spec-
imen) and the two supporting cylinders (under the specimen), ts  2 mm is the thickness of the substrate, tc  0.1 mm is the
thickness of the coating, ti  1 mm is the maximum thickness of the quenched region,Wi  4 mm the maximumwidth of the
quenched region and Wp  5 mm the period. The dimension of the specimen perpendicular to the paper plane, b, is about
10 mm.
The cyclic loading steps are listed below in sequence, in which every round includes loading and unloading. To track the
initiation of the damage as precisely as possible, the loading rounds are increased gradually with the loading steps.
Loading step b1: direct bending, during which the coating is compressed, for 1 round.
Loading step r1: reverse bending, during which the coating is tensioned, for 1 round.
Fig. 2. (a) The loading equipment. (b) Sketch of the specimen.
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Loading step r2: reverse bending for 1 round.
Loading step b111: direct bending for 100 rounds.
Loading step r3: reverse bending for 1 round.
Loading step b211: direct bending for 100 rounds.
Loading step r4: reverse bending for 1 round.
The experiment is carried out by controlling the displacement of the loading cylinder, with the maximum deﬂection of
the specimen being approximately 1 mm for every round of every loading step. The rate of the deﬂection to time is chosen
small enough to diminish the effect of the inertia. The total time for every round is approximately 30 s, of which about 20 s is
for loading and 10 s for unloading.
2.2. Experimental results
The cyclic bending experiment was accomplished for 12 specimens of identical nominal dimensions. For every specimen,
the cracking of the coating and the damage/fracture of the interface was tracked and photographed after every loading step.
Finally the cross sections were etched with a solution of nitric acid with ethanol to display the locations of the cracks. Over
3000 photos were obtained, from which the typical cracking pattern have been extracted and the unique damage/fracture
pattern has been revealed.
As an example, the interfacial shear stresses versus time during loading step b111 are depicted in Fig. 3. It is noted that
the interfacial stress is derived from Eq. (6) (Section 3.1) using the recorded experimental data for the lateral forces. Such a
simple derivation is based on the assumption of ideal elasticity and intact structure. In fact, the interfacial stresses should be
very complicated if the effect of plasticity around the crack tip is taken into account. In Fig. 3, one can see that the peak value
of the interfacial shear stresses decrease with increasing the load rounds. It is indicated that the bending stiffness of the spec-
imen is reduced gradually. This may result from the extension of vertical and interface cracks. Moreover, as the vertical
cracks in the coating are almost closed and retarded during direct bending, the reduction of the bending stiffness of the spec-
imen should be largely due to the extending of the interface cracks.
It has been observed that the vertical cracks in the coating arose primarily during the slicing of the specimen and the load-
ing step r1. In the former case, a tensile stress state is developed in the coating by the curvature of the specimen against the
Fig. 3. Lateral force vs. time curve for bending (b111).
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substrate.
Several interface cracks arise between the coating and the as-quenched regions of the substrate for every specimen while
no obvious interface fracture has been observed between the coating and the intermediate regions.Fig. 4. (a) Coating/interface initial state. (b) Coating/interface after eroding.
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of which the latter is taken from the eroded specimen to show clearly the location of the crack. One can see that the interface
crack is above the as-quenched region. To investigate the evolution of the vertical crack and the interface crack, the photos of
the cross section have also been taken for several speciﬁed loading steps. To avoid the redundancy, only the photos of the
initial state and ﬁnal state are shown in Fig. 5a and b, respectively. By focusing on the photos after loading steps r1 and
b11, which is not provided here for the sake of brevity, the interface crack can be observed around the initial vertical crack
after loading steps r1 and b11. Moreover, it is found that, after the loading steps b211 and r4, the interface cracks extend
slightly and even tend to be retarded. This means that the driving force for the interface fracture decreases with the extend-
ing of the interface cracks.
Fig. 6a and b displays the evolution of a vertical coating crack developed by the reverse bending and the evolution of the
interface crack around it. Three vertical cracks arise in the coating after the ﬁrst round of reverse bending, during which the
coating is tensioned. An interface crack is observed right to the rightmost vertical crack after it impinges at the interface.
However, left to this vertical crack or around the other two, there is no interface crack. This means that the interface stress
is relatively low therein, which may be due to the effect of the vertical cracks on relaxing the stresses (Wu et al., 2008).
Fig. 7(a) and (b) demonstrates the extending of another initial vertical crack above the as-quenched region. This vertical
crack impinges at the interface and penetrates into the substrate without initiating any obvious interface crack. This may be
again due to the existence of the other vertical cracks around, which is considered to be able to relax the interface stresses as
discussed in the aforementioned case.
Fig. 8(a) and (b) demonstrates the evolution of a vertical crack in a coating bonded to the intermediate region of the sub-
strate, which represents the extending character of almost all of the vertical cracks above the intermediate regions. The ver-
tical crack penetrates straightly into the substrate, and induces strain localization within the substrate. There is no obvious
interface crack around them.
As demonstrated herein, the experimental results reveal that a few interface cracks arise around certain vertical cracks in
a coating bonded to the as-quenched regions, whereas no interface cracks are observed around the vertical cracks in a coat-
ing bonded to the intermediate regions. This is because the residual compressive stresses within the substrate always retard
the penetration of the vertical coating crack into it, while the residual tensile stresses induce such penetration. Thus, the the-
oretical prediction by Yang et al. (2007) is partly veriﬁed, in which it is reported that the as-quenched layer shall retard theFig. 5. (a) Coating/interface in initial state. (b) Coating/interface after r4.
Fig. 6. (a) Coating/interface after r1. (b) Coating/interface after r4.
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induce severe interface fractures when the specimen is subjected to cyclic bending. But the periodic distributed intermediate
regions between two adjacent as-quenched regions may partition, even hold back the interface crack. It is indicated that such
periodic subsurface structure have some superiority in preventing the enormous linking up of the interface cracks, which is
considered to be critical for the debonding of the coating.
3. Mechanical analysis and numerical calculation
To demonstrate the stress state of the specimen under bending, preliminary analytical modeling is presented ﬁrstly. How-
ever, considering the complexity of the geometry of the specimen and the nonlinear behaviours of the materials, the analyt-
ical model is deemed qualitative. To investigate the deﬂection of the vertical cracks, ﬁnite element modeling is further
adopted. Moreover, as the dimension of the plastic regime around the crack tip is similar to the crack length and unloading
is involved in the experimental, the present available fracture parameters such as stress intensity factor and J integral can not
be applied directly (Meguid, 1989; Kanninen and Popelar, 1985). Thus, the mechanical behaviour of the cracked body shall be
roughly characterized with energy method herein.
3.1. Mechanical analysis
For simplicity, the effect of the cracking and the plasticity are not involved in the analytical modeling, which indicates
that the model of double-layer elastic beam is applicable. The cell of the specimen consists of the substrate and coating is
depicted in Fig. 9. The elastic moduli of the substrate and the coating are Es and Ec, respectively.
Rectangular coordinates are used as shown in Fig. 9, with Z-axis at the intersection line of the neutral plane and the sym-
metry plane of the cell, and X-axis perpendicular to the neutral plane. The thickness of the coating is tc = 0.1 mm, the thick-
Fig. 7. (a) Coating/interface after r1. (b) Coating/interface after r4.
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pendicular to the paper plane XOY is b = 10 mm. With denoting the location of the bending center by hbc, one obtainshbc ¼ Est
2
s þ Ect2c þ 2Ectcts
Ests þ EctcWith reference to the bending theory of the elastic composite beam (Timoshenko and Goodier, 2004), the stresses can be
obtained instantly.



















 !The normal stress of the coatingryyc ¼ MzEchEIi x ð1ÞThe normal stress of the substrateryys ¼ MzEshEIi y ð2ÞThe shear stress of the coatingsxyc ¼ QhEIi
Ecððtc þ ts  hbcÞ2  x2Þ
2
ð3Þ
Fig. 8. (a) Coating/interface in initial state. (b) Coating/interface after r4.
Fig. 9. Sketch of the cell under bending.
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Ecððtc þ ts  hbcÞ2  ðts  hbcÞ2Þ þ Esððts  hbcÞ2  x2Þ
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; x > 0 ð5ÞIn the above formula, the bending moment Mz ¼ Fðl yÞ=2, herein F is the loading force as shown in 2, y is the horizontal
distance from the center of the loading cylinder. And Q = F/2 right to the loading cylinder, Q = F/2 left to the loading
cylinder.
Further, one can obtain the interfacial shear stress
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Ecððtc þ ts  hbcÞ2  ðts  hbcÞ2Þ
2
ð6ÞThis simple analysis is applicable only to the structure of ideal elastic materials without cracking. The post-yielding and post-
cracking behaviour of the specimen is simulated by the FEM focusing on the crack deﬂection around the interface.
3.2. Numerical model
The FE model, consisting of coating, substrate and as-quenched regions, is shown in Figs. 2(b) and 10. In the computations
the contact boundaries are adopted between the supporting/loading cylinders and the specimen. Firstly, the stress ﬁelds are
obtained for the intact specimen under direct bending and reverse bending, respectively. Then, the deﬂection of the vertical
crack is discussed after it runs through the coating.
As depicted in Fig. 2(b), a relative sliding is allowed between the supporting/loading cylinders and the specimen. The
coating and substrate are assumed perfectly bonded, except for the case when the interface crack is taken into account. Thus,
two kinds of models on the interfaces shall be adopted in the analysis:
One is the sliding interface for the contacting status between the supporting/loading cylinders and the specimen, as well
as between the crack faces. The boundary conditions for such interfaces can be written as rþn ¼ rn , rþs ¼ rs ¼ krn and
uþn ¼ un . Herein r represents the tractions intensity acted at the interface with the subscript n and s denoting the directions
of normal and tangent, respectively. k is the coefﬁcient of friction. The symbol u is the displacement with ‘+’ and ‘’ corre-
spond to the materials points of the two sides at the interface.
The other is the perfect bonded interface for the joined status between the coating and the substrate. The boundary con-
ditions for such interfaces can be written as rþn ¼ rn , rþs ¼ rs , uþn ¼ un and uþs ¼ us (Erdogan, 1997).
As shown in Fig. 2(b), the vertical displacements of the horizontal axial plane of the two supporting cylinders are com-
pletely constrained, and that of the loading cylinder is speciﬁed by values dependent on the load stages. The mechanical
behaviours of the coating and the loading/ supporting cylinders are assumed to be ideally elastic and the substrate elastic
perfectly plastic. The yielding stresses of the original substrate and the as-quenched regions are ryo and ryh, respectively.
The mechanical properties used in the simulation are listed in Table 1 (Zhang, 1989; Safranek, 1974), in which the cylinders
represent the loading/supporting cylinders.ical properties of the materials (Zhang, 1989; Safranek, 1974)
Elastic modulus (MPa) Poisson’s ratio Yielding stress (MPa)
(chromium) 260e9 0.2 –
ubstrate 202e9 0.255 800
ed substrate 202e9 0.255 800  1.5
rs 200e9 0.3 –
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In Fig. 11(a) and (b), the average stresses in Y direction, ryy ¼ 1tc
R tc
0 ryy dy, are depicted for the cases of direct bending and
reverse bending, respectively. The results shown in Fig. 11(a) indicate that there are only compressive stresses within the
coating under loading and unloading for the case of direct bending. The results shown in Fig. 11(b) indicate that only tensile
stresses arise within most of the coating for the case of reverse bending, and the small compressive stresses appearing within
the regions contacted by the supporting cylinder disappear completely after unloading. Thus, it is natural to conclude that
the coating cracking should have been developed during the reverse bending, because only the tensile stresses in the coating
can lead to cracking.
In Figs. 12 and 13, the interfacial stresses are depicted for both cases of direct bending and reverse bending, respectively.
Considering the fact that the interfacial stresses are highly concentrated round the symmetry plane of the specimen, only the
range of 1.5 Wp right to the loading cylinder is focused on for a clear description. It is shown that the interfacial normal stres-
ses are mainly compressive for the case of direct bending (shown in Fig. 12(a)) and tensile for reverse bending (shown inFig. 11. (a) Tensile stress ryy in coating for direct bending. (b) Tensile stress ryy in coating for reverse bending.
Fig. 12. (a) Interfacial normal for direct bending. (b) Interfacial shear stress for direct bending.
C.-W. Wu et al. / International Journal of Solids and Structures 45 (2008) 5661–5674 5671Fig. 13(a)), both of which are too localized to be of effect on the interface fracture. However, the interfacial shear stresses
arise within the relatively large regime of the interface as shown in Figs. 12(b) and 13(b). And the direction of the shear stress
in direct bending is opposed to that in reverse bending, which thus produces a cyclic altering shear stress state in the inter-
face. These results indicate that the interface fracture is more likely to be induced by the cyclically altering interfacial shear
stresses. This is in consistent with that predicted by the analytic analysis as aforementioned.
Figs. 12(b) and 13(b) show the interfacial shear stresses in the case of direct bending, which are apparently greater than
that of reverse bending. This indicates that interfacial fracture is largely due to the direct bending. To justify this assumption,
the tri-phase structure with a vertical crack above the center of the as-quenched region is modeled as shown in Fig. 14(a).
The method of virtual crack extension (Parks, 1977) is adopted to compare the average energy release rate for the two sit-
uations, that is, the vertical crack extends straightly into the substrate by length atc (as shown in Fig. 14(b)) and deﬂects into
the interface by length atc (as shown in Fig. 14(c)). Herein, the factor a = 1 is adopted, by which results with acceptable accu-
racy are achieved. First, the elastic strain energy We and the plastic work Wp of the specimen are calculated for the three
states, i.e. the vertical crack impinges at the interface (denoted by the superscript Cc), the vertical crack extends straightly
into the substrate (denoted by the superscript Sc) and the vertical crack deﬂect into the interface (denoted by the superscript
Ic). Then a dimensionless parameter of relative energy release rate can be deﬁned as
Fig. 13. (a) Interfacial normal stress for reverse bending. (b) Interfacial shear stress for reverse bending.
Fig. 14. Sketch of the crack (a) in coating (b) penetrating into substrate (c) deﬂecting into interface.
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Fig. 15. GCI=Gcs for direct bending and reverse bending.




e W Ice Þ  ðW Icp WCcp Þ
ðWCce WSce Þ  ðWScp WCcp Þ
Following He and Hutchinson (1989), it is reasonable to assume that if GCI
Gcs





Cs, the crack would deﬂect into the interface. Here the parameters C
I and Cs represent the fracture toughness of the
interface and the substrate, respectively. Of course, it is generally accepted that the toughness of the interface, CI, is depen-
dent on the mix mode of the loading on the interface. However, only the dimensionless parameter GCI
Gcs
is of interest herein, on
which the effects of loading situations, i.e. direct bending or reverse bending, and the loading stages shall be discussed. The
values of GCI
Gcs
against the loading stages are plotted in Fig. 15, where points No. 1, No. 2, No. 3 and No. 4 correspond to the
relevant loading level, and point No. 5 the unloading status.
It is apparent from Fig. 15 that during loading, the values of GCI
Gcs
for the case of direct bending are always greater than that
of reverse bending. This means that the interface damages are developed more likely in direct bending. However, when
unloading, the value of GCI
Gcs
for the case of reverse bending is greater than that of the direct bending. This indicates that, during
unloading the reverse bending may contribute more to the interface damages.
Finally, it is to be noted that only a single round of bending, either direct bending or reverse bending is simulated herein.
Therefore, no calculations of plastic deformation are involved, which may inﬂuence the stress ﬁeld and the interface fracture.
We should also take note that the residual stresses distributed periodically within the surface layer of the substrate have not
been included in this calculation. In fact, such a residual stress state would lead to great increase in the resistance of the ver-
tical crack extending into the as-quenched regions and increasing the driving force extending into the origin substrate. This
has also been argued by Yang et al. (2007). Thus, in effect, above the as-quenched regions, the driving force for the vertical
crack deﬂecting into the interface shall be strengthened.
4. Conclusions
Cyclic bending has been conducted on the hard coating on a substrate with periodic surface as-quenched regions. The
experimental results show that the interface cracks arise only above the as-quenched regions. Every vertical crack in the
coating on the intermediate regions between two adjacent as-quenched regions penetrates straightly into the substrate.
It is indicated that such a periodic subsurface structure have some superiority in preventing the enormous linking up of
the interface cracks, which is considered to be critical for the debonding of the coating.
Stress results from a simple analytic model and the FE model reveal that the interfacial shear stresses should contribute
mainly to the interface fracture. The interfacial shear stresses during loading for the case of direct bending are greater than
that of reverse bending, although this difference is reduced apparently after unloading. This indicates that the interface frac-
ture may be mainly due to the direct bending.
A relative energy release rate, GCI=Gcs, has been brought forward and computed by a FE model to investigate the effects of
the loading stages and loading situations. During loading, the parameter GCI=Gcs for the case of direct bending is greater than
that of reverse bending, which indicates again the interface damages may be induced mainly by the direct bending. However,
after unloading, GCI=Gcs for the case of direct bending is less than that of reverse bending, which shows that the unloading,
especially for the case of reverse bending may also be partly the cause of the interface fracture.
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